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Coherently scattered light from a single quantum system promises to get a valuable quantum
resource. In this letter an external laser field is efficiently coupled to a single nitrogen vacancy
(NV-)center in diamond. By this it is possible to detect a direct extinction signal and estimate the
NV’s extinction cross-section. The exact amount of coherent and incoherent photons is determined
against the saturation parameter, and reveals the optimal point of generating coherently scattered
photons and an optimal point of excitation. A theoretical model of spectral diffusion allows to
explain the deviation to an atom in free-space. The introduced experimental techniques are used to
determine the properties of the tight focusing in an interference experiment, and allow for a direct
determination of the Gouy-phase in a strongly focused beam.
The negatively charged nitrogen vacancy (NV-) center
in diamond has been a steady source for research in the
past two decades. It allows for quantum sensing appli-
cations [1, 2], and a variety of quantum optical primi-
tives. These cover the single-shot readout of a nuclear
spin [3], quantum error correction [4], or the coupling
of neighboring defects [5] to implement a basic quantum
network. While the described experiments solely rely on
an optical readout of the electron (and eventually ac-
cessible nuclear) spin, another line of experiments deals
with the distant interaction of NV-centers by means of
optical photons [6]. These experiments are conducted
under cryogenic conditions, since they require the coher-
ence of the photons to the internal spin state [7]. This
is the prerequisite for spin photon entanglement. Unfor-
tunately, also under cryogenic conditions, the amount of
coherently emitted photons is limited. This is due to the
dominating phonon side band in the NV’s emission. Only
about 3-4% of the light resides on the zero-phonon-line
(ZPL) [8].
The theory of coherent scattering of a single emitter is
well described since the 1960s [9, 10]. Early experiments
on single atoms or ions showed a typical behavior as ex-
pected from a two-level system [11, 12]. The spectroscopy
on solid-state emitters, such as molecules and quantum
dots involve more effects on the amount of coherent scat-
tering, such as phonon-contributions. Recent progress
has shifted the focus in single emitter spectroscopy from
a high collection efficiency towards an efficient coupling
of an external field towards an emitter. In the past
decade such measurements have been performed [13–16],
and allow for ultra-narrow-band photons [17], and en-
able squeezing measurements on the light of single emit-
ters [18].
Here we show a measurement of the coherent scat-
tering of a single nitrogen-vacancy center. This is
recorded by monitoring the direct extinction of light by
the nanoscopic emitter. Direct refers in this context to
a simple observing of an altered laser with a single pho-
ton detector [20]. As expected, the amount of coherent
and incoherent scattered photons changes with the inci-
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FIG. 1: a) The experimental setup consists of a cryogenic
confocal microscope. Two detection arms analyze the emis-
sion of the photon side band (APD1) and the coherent laser
light (APD2) b) Fluorescence excitation spectrum behind a
650-750 nm band-pass filter (BP1) [19]. c) Zoom on the Ex
transition. d) Coherent scattering of the NV- and its interfer-
ence with the incoming laser. Pol: Polarizer; HWP: half-wave
plate; PH: Pinhole; DC: Dichroic; MW: microwave.
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2dent flux of photons [21]. An interferometric application
of this atom-sized defect is applied to a measurement of
the Gouy-phase in the tight focus in our experimental
configuration.
The extinction of light by a single emitter is one of the
most evident proofs of coherent scattering [12, 20]. Usu-
ally, an incoming laser beam is altered by the presence
of an emitter in the optical path. The amount of light,
collected on a detector in the forward direction, is given
as Idet = 〈(Elaser +Eemitter)2〉, i.e. the incident laser light
and the coherently scattered light interfere destructively
in the optical far-field. This is commonly described as
extinction. In the case of a purely coherently scatter-
ing emitter, such as an atom at the low excitation limit,
the light is simply reflected back to the exciting laser
source [22] and the light in the forward direction can be
perfectly extinguished.
Extinction measurements can not only be performed
in the forward direction [20]. Generally, the interference
occurs into all directions, but as outlined in the optical
theorem [23] the extinction in the forward and the back-
ward direction amounts to the same value as the absorp-
tion, which is the transfer to other forms of energy, such
as heat. If parts of the laser light are reflected elsewhere,
or coupled deliberately onto the detector, the resulting
interference signal can have an arbitrary phase, ϕ, de-
pending on the relative phase of the reflected light to the
coherent scattering of the emitter. For an emitter with
a lifetime-limited line it is possible to rewrite the above
equation and describe the signal on the detector as
Idet = Ilaser
(
1− V Γ2(∆ cosϕ+ Γ2 sinϕ)
∆2 + Γ 2eff
)
. (1)
with an reflected flux of the laser of Ilaser, the visibil-
ity V, the homogeneous linewidth 2Γ2, the effective, e.g.
power-broadened, linewidth 2Γeff , and a spectral detun-
ing ∆. The effective visibility, or contrast, reduces with
increasing excitation power expressed in the saturation
parameter S as
C(S) = V 1
S + 1
. (2)
This measurable contrast, C, is described by the fraction
of missing light. It depends on the orientation of the
emitter against the laser field, the amount of coherent
vs. incoherent scattering, the amount of collected light
from the emitter and the laser and other diminishing
factors, such as the Debye-Waller-factor αDW. In the
presented case with a single NV-center, only a small frac-
tion of the overall emission [8] leads to the interference
due to the low spectral coherence of the emitted photons.
This diminishes the effective extinction cross-section, σ,
to a fraction of the maximal theoretical possible value of
3λ2/(2pi), and extinction experiments with NV-centers
are hard, and commonly require balanced detection or
lock-in techniques [24].
Fig. 1a shows the experimental setup. A tunable
narrow-band laser (New-Focus Velocity ≈ 637 nm) ex-
cites a single NV-center inside a bath cryostat (T=2 K).
Tight focusing is realized by a microscope objective (Zeiss
A-Plan, 40×, 0.65NA) in conjunction with a hemispher-
ical macroscopic (∅=1 mm) monolithic diamond solid-
immersion lens (SIL, Element Six). It exhibits a 0.6 mm
thick overgrown layer of ultra-pure diamond on the flat
side. This contains single natural NV-centers [25] suit-
able for cryogenic experiments. The polarization of the
incident laser is laterally aligned to the Ex-transition
(Fig. 1b).
Due to strain-induced mixing of the excited-state spin
sub-levels, optical excitation might lead to a spin flip.
Since the optical transitions are spin-selective, these re-
duce the excitation efficiency. This is avoided by apply-
ing a microwave field (ν=2.87 GHz) to keep the desired
spin-state always accessible. Resonant excitation might
induce a 2-photon-process, that leads to an ionization of
the NV-center into the neutral charge state [26]. If no
fluorescence is observed in a frequency scan, a 300 ms
green, 20 µW 532 nm laser pulse is applied until the flu-
orescence is observed again.
The emission of the phonon side band (PSB) is cap-
tured on a single photon detector (APD1) behind a band-
pass filter (650-750 nm). The laser back-scattering and
the zero-phonon line (ZPL) is captured on another sin-
gle photon detector (APD2). This light is reflected off a
dichroic (Chroma ZT640) and passes a narrow-band fil-
ter (637±1 nm, Omega Optical). The polarizer (Pol2)
is aligned to the incident laser field. The count rate of
both detectors is monitored against laser detuning of the
excitation laser.
Fig. 1b shows the red-shifted emission from the NV-
against the laser detuning. A finer resolved spectrum
is displayed in Fig. 1c. It is assembled of 2000 sin-
gle spectra (each consisting of 1000 frequency pixels a
2 msec), shifted according to their spectral center to sup-
press spectral diffusion. This is determined by fitting a
Lorentzian line to each of the lines. The resulting spectral
linewidth (34 MHz) at 1.5 nW laser excitation (measured
in front of the cryostat) shows that we exceed the lifetime
limited linewidth (full width at half maximum, FWHM)
of Γ1 = 1/(2piT1) ≈13 MHz.
Simultaneously, the extinction of light is monitored on
APD2 (Fig. 1d). Far off-resonance, the signal is given
by laser reflection mainly from the flat side of the SIL.
Power fluctuations are suppressed to the shot-noise limit
by a PID controller (SRS, PID960) in the excitation
arm. When the laser is detuned and the emitter is on
resonance, an extinction signal is observed as described
by Eqn. 1. Note that the detection pinhole (50 µm) is
aligned such that the emission of the NV-center is fully
captured, whereas the laser reflection is (partially) out of
3focus and therefore suppressed by three orders of magni-
tude.
The final phase ϕ of 0.86pi to the exciting laser results
from the depth of the emitter d, and the refractive index
n as ϕd = pi − 2pi (2dn mod λ) and the phase difference
of the net laser reflection on all interfaces. If no sur-
faces and no laser reflection would be present, a simple
Lorentzian reflection of the coherent scattering would be
observed [22]. The dominant noise source is the photon
shot noise (orange band in Fig. 1c, ±1 σ). The spectra
are also corrected from an internal cavity, which results
from the cryostat windows. In summary, a signal to noise
ratio of 15 is observed for this measurement. These ex-
periments were also performed at the low excitation limit
(not shown). Correspondingly, the measured contrast is
increased as 1/(S + 1), with S being the saturation pa-
rameter on resonance Ω2/(Γ1Γ2) [21] which depends on
the excitation power Ω2. Subsequently, we measure a
maximal contrast C of 2.8% at the lower excitation limit.
At this point of excitation this value corresponds to the
visibility V.
The observed signal on APD2 consists not only of the
laser reflected from the interfaces and the coherent scat-
tering of the NV-center. It might also contain a small
amount of red-shifted fluorescence, which is present when
the NV-center is on resonance. This can not interfere
with the incident laser light. Therefore, all extinction
measurements such as Fig. 1d contain both contribu-
tions. A full procedure to derive both components in-
dependently with the use of a polarizer [14] is described
in the supplementary material. Note that under close to
crossed polarizer conditions, the contrast rises well above
5%.
As the extinction signal, the amount of coherent and
incoherent scattering is power dependent with the satu-
ration parameter S. This unit-less entity also influences
the linewidth in the red-shifted fluorescence of the NV-
center on APD1 (Fig. 2a, red dots). The curve (red line)
is fitted as Γeff = Γ2
√
Isat
Isat−I , and allows to determine
Isat and Γ2. Isat then reveals the saturation parameter
S = IIsat−I for the following measurements.
Fig. 2a (red) represents one measurement as in Fig. 1c.
The excitation power ranges from 0.3 nW to 3.0 nW, cor-
responding to a saturation parameter up to 1.0. Due to
the low signal-to-noise ratio of the single scans at very
low incident powers (Pin < nW, APD2< 1.5 kcts/s), the
fit error is increased and leads to an uncertainty in the
fitted linewidth. The same holds for very high excita-
tion powers, where the NV’s spectral diffusion and the
probability of ionization is increased. Since the measure-
ment expands over several cooling cycles, cavity and ther-
mal effects change the coupling and collection efficiency
slightly. Therefore, we decided to use the PSB intensity
as an indirect reference for the saturation parameter in-
stead of the incoming power. The relationship between
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FIG. 2: a) Determination of the saturation parameter by the
linewidth measured on APD1 (red). Contrast, measured on
APD2, fitted by Eqn. 1. The dashed line indicates satura-
tion intensity Isat b) Amount of coherent (blue line) and PSB
(red line) photons, as deduced by the data in a). c) Ratio of
coherent photons to total emission. b,c) Gray curves: theo-
retical amount and ratio of coherent photons calculated from
the total collected PSB emission.
the laser power and PSB intensity is independently vali-
dated by the recording of a saturation curve.
The contrast of the extinction signal is simultaneously
recorded on APD2 (Fig. 2a, blue). This depends on the
amount of coherently scattered photons. With an in-
creasing excitation power it is reduced as 1/(S + 1). A
full derivation of this procedure, and its independence to
the incoherent amount, leaking through the narrow-band
filter, is derived in the supplementary material.
The experimental determined amount of coherent scat-
tering by the single NV-center is displayed in Fig. 2b,
blue. For a two level system, with a collection efficiency
of η the amount of coherent scattering is expected to obey
4the equation Icoh = ηαDW
Γ 21
4Γ2
S
(1+S)2 (Fig. 2b, gray). It
implies that the amount of coherent scattering is highest
at a saturation parameter of unity. Instead, we find the
amount of coherent scattering reduced against its pre-
dicted value. This is expected since residual charge noise
in the environment with the NV-center increases expo-
nentially with the excitation power as exp(−Pin/Penv).
With this model (solid curve in Fig. 2b), assuming Penv=
4.0 nW, the amount of coherent photons is described well.
Simultaneously, the incoherent scattering is monitored
(red).
The optimal point to extract coherent photons corre-
sponds to a saturation parameter of 0.45. In our experi-
mental configuration this corresponds to 1.5 nW in front
of the cryostat. This is the point where the largest ra-
tio of coherent scattering vs. incident light intensity and
also the most coherent scattering is observed. This point
should be determined for all experiments which utilize
coherent photons. Fig. 2c shows the ratio of coherent to
incoherent scattering, while the description above gives
the absolute range. Theoretically this obeys the factor
1/(1 + S), but is modified here due to charge noise from
the environment as exp(−Pin/Penv)/(1 + S).
The extinction cross-section σext influences the con-
trast as σext/A with the focal area A. The full set of ex-
periments is used to deduce the extinction cross-section
of the NV-center. It depends on various factors, such as
the Debye-Waller factor (3-4%), and the NV’s physical
orientation. The latter is deduced from the orientation
of the diamond lattice and the incident polarization of
the incoming laser. Together with the achievable extinc-
tion signal and its saturation behavior, we estimate the
extinction cross-section to ∅ 30 nm. This value is now es-
timated for an experiment in the forward direction, such
that the entire light beam would be captured by a single-
photon detector. This value is strongly polarization de-
pendent as cos (θ)
2
with θ as the relative angle between
the NV-axis (with Ex being a linear dipole) and the laser.
Therefore, it will be possible to influence an ongoing laser
beam with the NV’s spin state, e.g. on the A1 or the A2
transition. The achievable effect is in the order of 0.23%.
Of course, the measurable contrast can be artificially en-
hanced, by neglecting photons in the forward direction,
e.g. in a crossed polarization configuration [13, 24].
Since the scattered photons do not necessarily lead
to an excitation of the NV-center, many photons may
be scattered at the low excitation limit before the sys-
tem undergoes an excitation and a projective measure-
ment. Therefore many quantum optical primitives, such
as quantum non-demolition measurements can be real-
ized with this effect. Another option are interferometric
applications: The Gouy phase, φ(z) describes the “inver-
sion” of the wave-fronts in an optical focus [27, 28].
When the emitter is placed in the focused laser
(Fig. 3a), where ze is its axial position relative to the
laser focus, the Gouy phase is observed by the result-
ing change of the phase of the interferometric signal [29].
The phase difference between ze = −∞ and ze = +∞ is
the total Gouy phase shift pi, and its highest gradient is
at the focus.
To measure the Gouy-phase, the NV-center is axially
moved through the focus of the confocal microscope. By
an earlier lateral scan (See Fig. 3b), a focus waist w0
of 0.23±0.05 µm was estimated. This corresponds to a
Rayleigh length zR of 0.62
+0.30
−0.24 µm. The Gouy-phase
is measured in a range of ±2.5 zR, corresponding in an
expected change of ∆ϕ ≈0.8pi. The excitation power
is adjusted, that far in front and behind the focus the
count rates are not dramatically reduced. The intensity
distribution (i.e. power per area) is monitored along with
the interferometric detection. The count rates, measured
on APD1, normalized to the excitation intensity in the
focus, are depicted in Fig. 3c, red.
Simultaneously, the extinction of light is monitored on
APD2. The phase ϕ reveals directly the information
on the Gouy-phase. Sample measurements are shown
in Fig. 3c (Fig. 1 is in focus). The only fit parameters
being the residual phase offset (0.86pi in the focus) and
the collection efficiency, since all other parameters (zR,
w0) are determined independently. The blue band in the
back indicates the error bar for estimating the Rayleigh
length, zR, as outlined above.
In conclusion, the presented measurements prove the
ability to influence a laser field with an atomic sized single
quantum emitter and to reach up to 2.8% direct influence
on a back reflected laser. The achievable effect is much
higher when the polarizations of the excitation and de-
tection are not aligned as in the presented experiment,
and more laser light is suppressed. For the forward di-
rection, we calculate an achievable effect of 0.42%. This
implies that approx. every 250th photon interacts with
the emitter. Comparable experiments will allow to im-
plement a variety of quantum optical primitives, such
as a spin-dependent phase gate. Another line are quan-
tum non-demolition experiments, which hold the promise
of producing larger cluster states of light [30] or imple-
ment other schemes in quantum computing [31]. In the
context of precision measurements, we like to underline
that the described visibility is also accessible under ex-
tremely low incident flux. For the low excitation limit
this can exceed the signal to noise ratio of fluorescence
detection [14, 32]. A first measurement reveals an in-
terferometric measurement of the Gouy phase with an
NV-center. This is comparable to earlier single ion ex-
periments in the gas phase [33], but is now extended to
strong focusing in the solid state.
We thank Dr. P. Siyushev, who conducted an initial ex-
periment. We acknowledge the funding from the MPG,
the SFB project CO.CO.MAT/TR21, the BMBF, the
project Q.COM, and SQUTEC.
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FIG. 3: Determination of the Gouy-Phase, utilizing the NV’s
Ex transition. a) Optical focus (gray line), intensity distribu-
tion (red), and the Gouy-phase (blue). b) The lateral scan
at the focus, w0=230 nm. c) The phase of the interference
signal depends on the displacement of the emitter ze. The
phase change represents the Gouy phase. d) Samples of the
signal at different axial positions, ze.
[1] G. Balasubramanian, I. Y. Chan, R. Kolesov, M. Al-
Hmoud, J. Tisler, C. Shin, C. Kim, A. Wojcik, P. R.
Hemmer, A. Krueger, et al., Nature 455, 648 (2008),
ISSN 0028-0836, URL http://dx.doi.org/10.1038/
nature07278.
[2] T. Staudacher, F. Shi, S. Pezzagna, J. Mei-
jer, J. Du, C. A. Meriles, F. Reinhard, and
J. Wrachtrup, Science 339, 561 (2013), ISSN 0036-8075,
http://science.sciencemag.org/content/339/6119/561.full.pdf,
URL http://science.sciencemag.org/content/339/
6119/561.
[3] P. Neumann, J. Beck, M. Steiner, F. Rempp,
H. Fedder, P. R. Hemmer, J. Wrachtrup, and
F. Jelezko, Science 329, 542 (2010), ISSN 0036-8075,
http://science.sciencemag.org/content/329/5991/542.full.pdf,
URL http://science.sciencemag.org/content/329/
5991/542.
[4] G. Waldherr, Y. Wang, S. Zaiser, M. Jamali, T. Schulte-
Herbruggen, H. Abe, T. Ohshima, J. Isoya, J. F. Du,
P. Neumann, et al., Nature 506, 204 (2014), ISSN 0028-
0836, URL http://dx.doi.org/10.1038/nature12919.
[5] F. Dolde, I. Jakobi, B. Naydenov, N. Zhao, S. Pezzagna,
C. Trautmann, J. Meijer, P. Neumann, F. Jelezko, and
J. Wrachtrup, Nat Phys 9, 139 (2013), ISSN 1745-2473,
URL http://dx.doi.org/10.1038/nphys2545.
[6] A. Sipahigil, M. L. Goldman, E. Togan, Y. Chu,
M. Markham, D. J. Twitchen, A. S. Zibrov,
A. Kubanek, and M. D. Lukin, Phys. Rev. Lett.
108, 143601 (2012), URL http://link.aps.org/doi/
10.1103/PhysRevLett.108.143601.
[7] S. Yang, Y. Wang, D. D. B. Rao, T. Hien Tran, A. S. Mo-
menzadeh, M. M., T. D. J., P. Wang, W. Yang, R. Sto¨hr,
et al., Nature Photonics 10, 507 (2016), ISSN 1749-4885,
URL http://dx.doi.org/10.1038/nphoton.2016.103.
[8] F. Jelezko and J. Wrachtrup, Phys. Status Solidi 203,
3207 (2006), ISSN 18626300, URL http://doi.wiley.
com/10.1002/pssa.200671403.
[9] R. J. Glauber, Phys. Rev. 131, 2766 (1963), URL http:
//link.aps.org/doi/10.1103/PhysRev.131.2766.
[10] B. R. Mollow, Phys. Rev. 188, 1969 (1969), URL http:
//link.aps.org/doi/10.1103/PhysRev.188.1969.
[11] H. J. Kimble, M. Dagenais, and L. Mandel, Phys. Rev.
Lett. 39, 691 (1977), URL http://link.aps.org/doi/
10.1103/PhysRevLett.39.691.
[12] D. J. Wineland, W. M. Itano, and J. C. Bergquist,
Opt. Lett. 12, 389 (1987), URL http://ol.osa.org/
abstract.cfm?URI=ol-12-6-389.
[13] I. Gerhardt, G. Wrigge, P. Bushev, G. Zumofen,
M. Agio, R. Pfab, and V. Sandoghdar, Phys. Rev. Lett.
98, 033601 (2007), URL http://link.aps.org/doi/10.
1103/PhysRevLett.98.033601.
[14] G. Wrigge, I. Gerhardt, J. Hwang, G. Zumofen, and
V. Sandoghdar, Nature Physics 4, 60 (2008), ISSN 1745-
2473, URL http://dx.doi.org/10.1038/nphys812.
[15] A. N. Vamivakas, M. Atatu¨re, J. Dreiser, S. T. Yil-
maz, A. Badolato, A. K. Swan, B. B. Goldberg,
A. Imamoglu, and M. S. U¨nlu¨, Nano Letters 7,
2892 (2007), http://dx.doi.org/10.1021/nl0717255, URL
http://dx.doi.org/10.1021/nl0717255.
[16] M. K. Tey, Z. Chen, S. A. Aljunid, B. Chng, F. Hu-
ber, G. Maslennikov, and C. Kurtsiefer, Nat Phys 4, 924
(2008), ISSN 1745-2473, URL http://dx.doi.org/10.
1038/nphys1096.
[17] C. Matthiesen, A. N. Vamivakas, and M. Atatu¨re, Phys.
Rev. Lett. 108, 093602 (2012), URL http://link.aps.
org/doi/10.1103/PhysRevLett.108.093602.
[18] C. H. H. Schulte, J. Hansom, A. E. Jones, C. Matthiesen,
C. Le Gall, and M. Atature, Nature 525, 222 (2015),
ISSN 0028-0836, URL http://dx.doi.org/10.1038/
nature14868.
[19] A. Batalov, V. Jacques, F. Kaiser, P. Siyushev, P. Neu-
mann, L. J. Rogers, R. McMurtrie, N. B. Manson,
F. Jelezko, and J. Wrachtrup, Phys. Rev. Lett. 102,
195506 (2009), ISSN 0031-9007, URL http://link.aps.
org/doi/10.1103/PhysRevLett.102.195506.
6[20] T. Plakhotnik and V. Palm, Phys. Rev. Lett. 87, 183602
(2001), ISSN 0031-9007, URL http://link.aps.org/
doi/10.1103/PhysRevLett.87.183602.
[21] C. C.-T. . J. D.-R. . G. Grynberg, Atom-photon inter-
actions: basic processes and applications (Wiley-VCH,
2011).
[22] G. Zumofen, N. M. Mojarad, V. Sandoghdar, and
M. Agio, Phys. Rev. Lett. 101, 180404 (2008), URL
http://link.aps.org/doi/10.1103/PhysRevLett.101.
180404.
[23] R. G. Newton, American Journal of Physics 44,
639 (1976), URL http://scitation.aip.org/content/
aapt/journal/ajp/44/7/10.1119/1.10324.
[24] B. B. Buckley, G. D. Fuchs, L. C. Bassett, and D. D.
Awschalom, Science 330, 1212 (2010), ISSN 1095-
9203, URL http://www.ncbi.nlm.nih.gov/pubmed/
20947728http://www.sciencemag.org/cgi/doi/10.
1126/science.1196436.
[25] P. Siyushev, F. Kaiser, V. Jacques, I. Gerhardt,
S. Bischof, H. Fedder, J. Dodson, M. M. D. Twitchen,
F. Jelezko, and J. Wrachtrup, Applied Physics Letters
97, 241902 (2010), URL http://link.aip.org/link/
APPLAB/v97/i24/p241902/s1.
[26] P. Siyushev, H. Pinto, M. Vo¨ro¨s, A. Gali, F. Jelezko, and
J. Wrachtrup, Phys. Rev. Lett. 110, 167402 (2013), URL
http://link.aps.org/doi/10.1103/PhysRevLett.110.
167402.
[27] C. R. Gouy, Aced. Sci. Paris 110 (2008).
[28] S. Feng and H. G. Winful, Opt. Lett. 26, 485 (2001),
ISSN 0146-9592.
[29] J. Hwang and W. E. Moerner, Opt. Commun. 280, 487
(2007), ISSN 00304018, 0702243.
[30] D. D. B. Rao, S. Yang, and J. Wrachtrup, Phys. Rev. B
92, 081301 (2015), URL http://link.aps.org/doi/10.
1103/PhysRevB.92.081301.
[31] W. J. Munro, K. Nemoto, and T. P. Spiller, New Journal
of Physics 7, 137 (2005), URL http://stacks.iop.org/
1367-2630/7/i=1/a=137.
[32] G. Wrigge, J. Hwang, I. Gerhardt, and V. Sandoghdar,
Opt. Express 9, 926 (2008), ISSN 1530-6984, URL
http://www.ncbi.nlm.nih.gov/pubmed/18671437http:
//www.opticsinfobase.org/abstract.cfm?uri=
oe-16-22-17358.
[33] G. He´tet, L. Slodicˇka, M. Hennrich, and R. Blatt, Phys.
Rev. Lett. 107, 133002 (2011), URL http://link.aps.
org/doi/10.1103/PhysRevLett.107.133002.
